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Abstract 
Hybrid inorganic-organic solar cells based on bulk heterojunction structures are promising devices in the field of clean energy. 
Employing quantum dot nanocrystals such as CdS, CdSe, and CdTe have shown great potential in improving their photovoltaic 
performance because of their stability and tunability. Numerical study of these devices can provide more modifications in their 
structures. In this work, the performance dependency of ITO/PEDOT:PSS/ P3HT:CdSe/Al hybrid solar cell on hole conducting 
layer properties is investigated. First, hybrid cell with mentioned structure is simulated by solving Poisson’s equations and  using 
Poole- Frenkel mobility and Langevin recombination models. Then, in order to improve the hole injection process, the work 
function of hole injection layer (PEDOT:PSS) is changed by doping the layer. Calculated photovoltaic performance shows that 
by decreasing the work function from 5 .1 eV to 4.9 eV, the short circuit current (Jsc) and fill factor (FF) are enhanced, and lead 
power conversion efficiency increases. The achieved improvement is because of the more efficient hole injection between highest 
occupied molecular orbital (HOMO) level of P3HT and PEDOT:PSS Fermi level. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of UFGNSM15. 
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1. Introduction 
Recently, among the solar cells considered as renewable energy sources, organic solar cells based on conjugated 
polymers have been intensively developed. Polymer bulk-heterojunction (BHJ) solar cells have attracted a lot of 
attentions because of their low-cost, flexibility, Shaheen et al. (2001), and easy fabrication process, Green et al. 
(2008). Employing quantum dot nanocrystals (such as CdS, CdSe, and CdTe) in organic solar cells have shown great 
potential in improving their photovoltaic performance because of their stability and tunability. The BHJ device 
contains a blend of donor and acceptor materials that are phase-separated into nanodomains. In this device, one or 
both materials absorb incident photons and form excitons which are dissociated in the interface of donor and 
acceptor, leading to free charge carrier generation, Groenendaal et al. (2003). Poly(3,4-
ethylenedioxythiophene:poly(4-styrenesulfonate) (PEDOT:PSS) is the most widely used polymer as a hole injection 
layer (HIL) of organic light emitting diodes (OLED) and polymer solar cells, Chen et al (2007).The advantages of 
using PEDOT:PSS as a HIL are stability, low cost, and flexibility, Kang et al (2009). However, in polymer solar 
cells based on poly(3-hexylthiophene-2,5-diyl) (P3HT), the work function of PEDOT:PSS layer is higher than the 
highest occupied molecular orbital of P3HT which limits the hole extraction efficiency in the device. Recently, 
pentacene with a long exciton diffusion length and well-suited absorption spectrum has been introduced as a proper 
dopant into a hole injection layer, Chen et al. (2007). Pentacene-doping of PEDOT:PSS can improve surface 
morphology, hole mobility, conductivity and transmittance. In addition, work function of this layer can be tuned by 
pentacene-doping, Pandey et al. (2006). 
In this study, the hybrid solar cell based on P3HT and CdSe QDs is simulated using optical and electrical models.  
The performance improvement of hybrid cell by modifying the work function of PEDOT:PSS using pentacene as a 
dopant is investigated.  
2. Modeling 
The structure of simulated device is shown in Fig. 1, where the incident photons pass through an ITO coated 
glass substrate and the light reflects back at the aluminum electrode. Excitons are formed in both active layer 
materials (P3HT:CdSe) and dissociate into free electrons and holes at their interfaces. The photogenerated charge 
carriers are driven by an internal electric field and collected in electrodes. The optical model is used to calculate the 
numbers of the photogenerated excitons, and the electrical model is used to address the carrier generation and 
collection process of the solar cell. 
 
Fig. 1. Device configuration of P3HT:CdSe hybrid solar cell. 
2.1. Optical model 
In the optical model, the transfer matrix method (TMM) is used which includes two subsets of 2×2 matrices 
(layer matrix and interface matrix), Liang et al. (2014).The number of absorbed photons in the P3HT:CdSe active 
layer under AM 1.5 G irradiation is calculated using this model. In this simulation, the thickness of each layer in the 
device is taken from the commonly used structure of polymer solar cells: Glass (1 mm) /ITO (100 nm)/ PEDOT:PSS 
(50 nm)/ P3HT:CdSe (Variable)/ Al (100 nm). The exciton generation rate profile G(x) is obtained by dividing the 
rate of energy dissipated per unit volume by the energy of a single photon of wavelength λ:  
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where c is the speed of light and h is Planck’s constant. 
Required complex refractive indices (ñ= n +ik) of the materials, are taken from the literatures Young et al. 
(2010), except for the refractive index of active layer. For calculation of the refractive index of P3HT:CdSe 
nanocomposite, the dielectric constant is calculated from the individual dielectric constants of P3HT and CdSe QDs 
using the Bruggeman theory, Marcelo et al. (2010) as given by: 
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where ߝ is a complex dielectric constant of P3HT:CdSe, ߝ஺ and ߝ஻ are complex dielectric constants of P3HT and 
CdSe QDs, and ஺݂ and ஻݂ are their volume fractions in hybrid film.  
2.2. Electrical model 
In this study, the effective medium model is used to simulate the electrical behavior of the hybrid solar cell. The 
utilized electrical model considers the generation, recombination, drift and diffusion, and collection process of the 
photogenerated electrons and holes in the device. Fig. 2a shows the energy levels of device materials and the 
photovoltaic process in the device. In this model the bulk heterojunction layer is considered as a homogeneous 
semiconductor. As shown in Fig. 2a, the energy difference between the lowest unoccupied molecular orbital 
(LUMO) of the CdSe and the highest occupied molecular orbital (HOMO) of the P3HT is considered as the 
effective band gap (Eg), Koster et al. (2005). The transport of electrons and holes in the energy levels is shown in 
Fig. 2b. 
 
Fig. 2. (a) Schematic diagram of the energy levels of the solar cell materials; (b) The electrical model with positive applied bias Va. 
The basic equations which are used in this simulation are Poisson’s equation and the current continuity equations. 
These equations are solved incorporating both drift and diffusion of charge carriers, Koster et al. (2005). The 
dissociation rate of excitons (D) is described by the Onsager–Braun theory and the recombination rate (R) of 
electrons and holes is determined by Langevin recombination model, Liang et al. (2014), which is given as 
ܴ ൌ ߓ כ ሺ݊ כ ݌ െ ݊௜ଶሻ (3) 
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Table 1. Simulation Parameters. 
    Parameter Value Unite Reference 
    Permittivity 6   Yang et al (2011) 
Lifetime for electrons 
 
2×10-6 s Valenzuela et al (2009) 
Lifetime for holes 
 
2×10-6 s Yang et al (2011) 
Singlet binding energy 
 
0.2 eV Gupta et al (2012) 
Singlet electron hole separation 
distance 
 
10 nm Mihailetchi et al (2006) 
Exciton diffusion length 
 
10 nm Valenzuela et al (2009) 
    Eg CdSe QDs (5 nm) 1.9 eV Jasieniak et al (2011) 
Hole mobility 
 
1×10-4 cm2/V.s Valenzuela et al (2009) 
Electron mobility 
 
5×10-5 cm2/V.s Yang et al (2011) 
 
where n and p are densities of electrons and holes, and  ࢵ  is the Langevin recombination constant. A field-
dependent Poole-Frenkel model is used to simulate the mobility of electrons and holes in the device, Young et al. 
(2010). Parameters and constants used in this simulation are summarized in table 1. 
3. Simulation results and discussion 
The photovoltaic performance of P3HT:CdSe solar cell containing undoped and doped- PEDOT:PSS by 
pentacene is calculated as a function of active layer thickness. The calculated short circuit currents (JSC) of device 
are compared in Fig.3. As can be seen, doping of HIL causes the enhancement of photocurrent density in all 
thicknesses, which is due to more efficient charge extraction.  The work function of PEDOT:PSS decreases  from 
5.2eV to 4.9eV by pentacene-doping, Hyunsoo et al. (2012), leading the reduction of the potential barrier between 
Fermi level of  PEDOT:PSS layer and the HOMO of P3HT. As a result, the photogenerated holes will be easily 
transfer and collected more efficiently in ITO.  
As shown in Fig. 3, the open circuit voltage of hybrid solar cells containing pentacene-doped HIL are lower than 
the undoped ones. The observed drop in VOC  after HIL doping  is because of the reduction of the internal field in the 
device.  
  
  
Fig. 3. Short circuit current density (JSC) and open circuit voltage (Voc) of P3HT:CdSe hybrid solar cells containing (1) PEDOT:PSS, and (2) 
doped- PEDOT:PSS with pentancen as a hole injection layer. 
As shown in Fig. 4, the improvement of hole extraction efficiency in devices containing doped HIL leads to 
reduction of recombination rate and achieve higher fill factor. The efficiency of hybrid cells is enhanced because of  
JSC and FF improvement.  
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Fig. 4. Fill factor (FF) and efficiency (EFF) of P3HT:CdSe hybrid solar cells containing (1) PEDOT:PSS; and (2) doped –PEDOT:PSS with 
pentancen as a hole injection layer. 
4. Conclusion 
The performance characteristics of P3HT: CdSe hybrid solar cells using pentacene-doped PEDOT: PSS as a hole 
injection layer was investigated by optical and electrical simulations. By doping pentacene into HIL, the work 
function reduced from 5.1 eV to 4.9 eV, Jsc and FF were enhanced, and power conversion efficiency was increased. 
The achieved improvement was due to the more efficient hole injection between highest occupied molecular orbital 
(HOMO) level of P3HT and PEDOT:PSS Fermi level.  
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